Abstract: Solid-state qubits confront a much higher density of states than atomic-scale systems. This is deleterious for quantum information processing. We analyze various superconducting structures for isolating qubit circuits to increase their coherence time. Decoherence is an even more daunting problem for solid state qubits compared to atomic-scale systems, because the solid state environment generally has a higher density of states and a qubit is likely to be more strongly coupled to these internal modes in the solid. Also, mesoscopic solid state qubits, because they are larger, are better coupled to the electromagnetic environment compared to atomic-scale systems. This problem increases with the size of the system and so will be more severe for multi-qubit circuits, compared to a single qubit. It is best to completely isolate the qubit system. Complete isolation is not possible of course, because one needs input, output, and control of multi-qubit interactions for even a minimal computation. In other words, one needs an interface between the quantum information processor and our classical world.
Our intention is to use superconducting digital electronic circuitry for input, output, and qubit control [1, 2] . We will use circuitry derived from the RSFQ (Rapid Single Flux Quantum) logic family, which is a well established integrated digital technology utilizing picoseconds wide pulses generated by over-damped Josephson junctions. Superconductors offer very high "quantum purity" in the solid state; far below the transition temperature superconductors have extremely low entropy, a vanishing specific heat, which means that there are very few internal modes which could possibly couple to the qubits. Still, the RSFQ circuits operate according to classical principles, and this presentation focuses on the interface between the qubit and the "classical" superconducting circuit. We wish to develop interfaces which are appropriate for a particular qubit, which provide the correct functionality but do not contribute to decoherence.
A qubit may randomly emit or absorb a photon and lose coherence, or it may strongly couple to one mode or a few modes in its environment and lose coherence. Here, rather, we are concerned with the qubit immersed in an environment consisting of a large number of modes at temperature ¡ , including zero-point vacuum fluctuations, with very small coupling to each mode. Clearly the fluctuating fields in all of these modes will eventually cause decoherence. In many cases such an environment may be represented as a resistor R, and it may actually be a resistor in many situations.
We will use the SQUID magnetic flux qubit as an example. The coherence time of the "macroscopic quantum coherent" oscillation [3] in the rf-SQUID biased at exactly one-half flux quantum is given by
where is the separation of the two minima of the SQUID double-well potential energy.
is in units of Webers and is about ! # "
for reasonable parameters [2] . Equation (1) is calculated for the spin-boson system in the noninteracting blip approximation [5, 6, 7] . Equation (1) should hold over a broad range of parameters appropriate for quantum coherence. It requires low dissipation in the sense
. It requires that the spectral density of the environmental dissipation be ohmic. It applies only in the intermediate temperature region
is the splitting of the ground states of the SQUID.
The R in Eq. (1) includes the resistance of the quasiparticle current in the SQUID Josephson junction, which should ideally be made extremely large. If for instance this is taken to be
, the equation implies a coherence time of order
. In general however R represents all of the dissipation coupled to the SQUID represented as a parallel ohmic resistor. In particular it includes any coupling to free space and to the RSFQ circuits surrounding the qubits. Equation (1) is very simple because it is derived using a simple spectral density, purely ohmic up to a cut-off frequency. Real qubits are likely to face a more complex environment. Qubits immersed in a complicated circuit will see an equivalent R with a very complicated frequency dependence, for which Eq. (1) does not strictly apply. We will discuss our techniques for dealing with this situation.
Nevertheless, something like Eq. (1) is likely to be quite general, as all its factors are intuitively compelling. In particular, the constraint to make R very large will certainly apply to a great variety of qubits. So a quantum / classical interface structure should give an equivalent R, referred as a resistor in parallel across the qubit circuit, that is extremely large. In particular RSFQ circuits present a parallel resistance of a few ohms, so the interface circuits must provide an impedance transformation of many orders of magnitude. Note that to the extent that these considerations apply, it is possible to design and analyze classical / quantum interface circuits using elementary electrical engineering equivalent circuit impedance transformations! Others have recently come to similar conclusions [7] .
In this presentation we will discuss a number of such isolation structures. These are made of superconducting inductors, capacitors, and high-quality Josephson junctions. For instance, one structure is a simple pi-filter made of unshunted Josephson junctions. We will consider only structures which can be realized, straightforwardly, on a superconducting chip with today's technology. These structures are adapted for three separate types of interfaces between the classical circuitry and the qubits. The first is a dc bias, using current and/or magnetic flux as required for a particular experiment. The second is high speed electric and magnetic fields coupling from waveforms on microstrips, for qubit quantum control. The third is direct coupling to RSFQ circuits for read-out and other functionality.
